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This report is the first of a ser ies  of technical reports on the  research 
work conducted under research project en t i t l ed  "A test progrm t o  deternine 
the mcchanicrrl behavior of so l id  fuel propellants". The work reported here 
particularly refers to the evaluation of f a i lu re  c r i t e r i a  o f  an inert com- 
posi te  propellant under f ive  biaxial tension s t r e s s  f ie lds .  The e f fec t  of 
r a t e  of loading on f a i l u r e  behavior of the material i s  considered. 
port describes o. new biaxial  tes t ing machine used fo r  failure studies of the 
inert composite propellant. Poss ib i l i t i es  of describing failure i n  t e r m  of 
octahedral shear stress, octahedral shear s t r a i n  and noxinun strain energy 
hypotheses a r e  discussed. 
The re- 
* 
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Failure of an Inert Composite Propellant under 
Multiaxial Stress Fields 
I. Introduction 
In recent years great effort has been directed towards the under- 
standing of failure of composite elastomeric materials under various con- 
plex loading and environmental conditions. This has become important be- 
cause solid fuel grains in some of the present day rockets are made of 
composite materials. 
these materials is very necessary to ensure the structural integrity of 
the rocket system. Fracture behavior of elastomeric materials has been 
studied f r o m  three points of view. 
failure to molecular structure of the materials. ['"* Although this 
method has led to the better understanding of the influence of various 
molecular variables on failure properties, the results are still qualitative 
in nature and therefore have lhited significance for design purposes. 
second approach attempts to determine the stress field [7-101 around an ex- 
isting crack and from this information finds the conditions necessary for 
the crack to propagate and ultimately give rise to catastrophic failure. 
The above method has been used extensively to study fracture behavior of 
metallic materials. However, it presents mathematical difficulties when 
applied to composite materials that display large deformations resulting 
in non-linear response. 
A clear understanding of fracture properties of 
The first approach seeks to relate 
The 
. 
* 
Kumbers in brackets refer to Bibliography at the end. 
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In a somewhat similar treatment as the last method, which does not re- 
quire the determination of the s t ress  dis t r ibut ion i n  the  v ic in i ty  of a 
crack, but requires only the s t r a in  energy of the system w i t h  a crack:, 
Briteria of failure f o r  rubber comgosite systems has been suggested i n  
terms of a character is t ic  energy of tearing[ll-llcl. 
method provides a meaningful c r i te r ion  of fa i lure ,  s t i l l  it falls short  of 
the description of actual  behavior due t o  the following reasons. 
does not take in to  account the effect  of r a t e  of loading on fracture.  
Secondly, it ignores what changes take place i n  the v ic in i ty  of a crack 
that is propagating. 
stances under which f a i lu re  occurs. 
ence of cer ta in  c r i t i c a l  functions of stress o r  s t r a i n  which when exceed- 
ed i n  a stressed material give r i s e  t o  failure. 
found t o  be sui table  f o r  design purposes. 
metall ic materials, th i s  method of describing failure has been used ex- 
tensively [15-171. But f o r  non-metallic materials such as  polymers, t h i s  
procedure i s  being recently applied [18-221. 
quires the determination of a c r i t i c a l  function (either of s t r e s s  o r  of 
s t r a i n )  experimentally. 
there  i s  no universal c r i te r ion  that is  applicable t o  a l l  materials. 
each material, the c r i t i c a l  function is  t o  be determined from various 
multiaxial failure experiments. Stress s t a t e s  chosen fo r  each of the 
m u l t i a x i a l  f a i l u re  experiments m u s t  correspond t o  s t r e s s  states i n  all 
t h e  eight octants of the pr incipal  stress o r  pr incipal  s t r a i n  space. 
Effect of temperature an2 the  r a t e  of loading introduce additional 
Even though t h i s  
The method 
The t h i r d  approach attempts t o  study the  circum- 
This  i s  characterized by the ex is t -  
This procedure has been 
Especially i n  the f i e ld  of 
Application of t h i s  method re- 
Investigations on various materials indicate that 
For 
I 
I 
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complications i n  the evaluation of the  c r i t i c a l  functions. 
rate of loading has been studied by the  authors f o r  a limited number of 
multiaxial  stress conditions. 
i ne r t  propellants f o r  a l l  complex loading and environmental h i s tor ies ,  a 
program that includes failure t e s t s  f o r  various m u l t i a x i a l  stress h i s to r i e s  
and temperatures is  imperative. 
t h e  work in  achieving the  above objective. The m u l t i a x i a l  failure studies 
reported here per ta in  t o  the  f i r s t  quadrant of the pr incipal  stress space. 
The experimental data has been scrutinized closely t o  determine any crit ical  
function i n  terms of the principal s t resses  or  pr incipal  s t ra ins ,  that de- 
f ine  failure. 
shear stress or octahedral shear s t r a i n  at  fracture  have been found for 
various m u l t i a x i a l  stress f ie lds  and two rates of loading. 
material as neo-Hookean [231 (which has been shown t o  be approximately t rue) ,  
s t r a i n  energies a t  f racture  have been determined f o r  various biaxial. stress 
fields. 
can be shown t o  be approximately true), to ta l  s t r a i n  energies a t  f rac ture  
have been determined f o r  various stress fields using t h e  tension creep 
compliance fltnction, t h e  bulk compliance function f o r  the material and the 
The effect of 
In  order t o  c lear ly  define the behavior of 
This report describes the first phase of 
Various f’unctions such as a f’unction representing octahedral 
Assuming t h e  
Similarly, assuming the material as l i nea r  viscoelast ic  (which a l so  
Boltzmann superposition principle. 
11. m e r i m e n t a l  Investigations 
Material - and specimen preparation. 
The material used i n  th i s  investigation i a composite dumy propell-  
a n t  tha t  is a copolymer of Butadiene and Acrylic acid crosslinked with Epon 
828. 
agent i n  the preparation of the material. 
Finely divided aluminum of p a r t i c l e  s i ze  10 micron is  used as a f i l l e r  
* ' .  
The proportion of various constituents in the durrnqy propellant is 
the following: 
(1) Hycar 2OOO x 131, B.F. Goodrich Chemical Co., 24.4s 
(2) Epon 828, Shell  Development 
(3) H-10 Aluminm, Valley Aluminum 
5.7% 
a s k  
The procedure f o r  t he  preparation of the dummy propellant as recom- 
mended by the Allegany Bal l is t ics  Laboratory, Cumberland, Maryland is de 
scribed as follows. 
The ingredients a re  added in  a container i n  the  order given above 
4 
and treated fo r  half an hour at 180'F. They are mixed thoroughly u n t i l  
t he  aluminum is conpletely dispersed. 
properly vented area. To decrease the viscosity the  mixture is put in to  
an oven fo r  one-half hour a t  180 F. 
mately t h i r t y  minutes i n  a container large enough t o  allow for an expansion 
f i v e  times its or iginal  voluue. 
i n  the  oven for  an additional heating period of f i f t een  minutes ( t o  de- 
crease viscosity f o r  casting operations). 
a preheated mold (180OF) and cured for  three days a t  180°F. 
This  operation m u s t  be done i n  a 
0 The m i x t u r e  i s  evacuated fo r  approxi- 
A f t e r  evacuation, t h e  m i x t u r e  is  placed 
N e x t  the  mixture is poured into 
Preparation of void f ree  specimens was a formidable problem. After 
considerable effor t  this was f inal ly  solved by preventing entrapping of 
any air through effective evacuation process. 
prove the quali ty of specimens s t i l l  fur ther  by casting the specimens 
w i t h  the  mold maintained under high vacum. 
the specimens from the mold without damaging then posed a serious problem. 
This was also solved by application of the  proper amount of si l icone grease 
Plans are  underway t o  in- 
In addition, the removal of 
t 
5 
-to the inner w a l l  of the  mold and the mandrel. 
remove the  cast  specimens without any prestressing. A typ ica l  tubular 
specimen used i n  t h i s  investigation i s  shown i n  Fig. 1 and a flat speci- 
men used t o  study uniaxial tension properties i s  shown in  Fig. 2. 
Care was taken t o  
It was found that the mechanical behavior of the  test  material  de- 
k 
pends on the post curing period . 
lar specimens (Fig. 1) post cured for 4, 6, 9, 18, 33 and 47 days were 
performed and the  resu l t s  are given i n  Fig. 3.  Fig. 3 does not show any 
perceptible trend i n  the variation of s t ress -s t ra in  curves with post curing 
period. 
curing f o r  various fixed extension r a t io s  indicated that s t r e s s  f o r  a 
given extension r a t io  fluctuates about a aean value, the  amplitude of the 
wave of variation decreasing with the decrease i n  number of days of post 
curing (see Fig. 4). It can be also seen from Fig. 4 that the fluctuation 
of mechanical properties i s  less  at low extension rat ios .  
mean s t r e s s  values for given extension rat ios ,  a mean stress-extension 
r a t i o  curve is  determined which is  shown i n  Fig. 3. From Fig. 4, it can 
be seen that a slight difference i n  post curing i n  the range of 25 t o  40 
days results i n  appreciable change i n  uniaxial tension behavior. This ob- 
servation is  par t icular ly  important while selecting specimens f o r  b iax ia l  
tes t ing,  where it was not always possible t o  t e s t  specimens post cured for  
t he  saae period. 
period i n  the stress-strain curve under ident ical  conditions of uniaxial 
tension loading can be expected t o  be l e s s  a t  lower post curing period 
To explore th i s ,  tension tests;.on tubu- 
However, p lo t t ing  t rue  stress against the number of days of post 
Based upon the  
In other words, the sca t t e r  due t o  changes in  post curing 
* 
The post curing period i s  defined here as the t o t a l  time tha t  elapsed be- 
tween the time of the removal of the specimen from the mold and the time 
of testing. During t h i s  period the specimens were maintained a t  75?F and 
5046 humidity environment. 
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than at higher period. With th i s  understanding, s ca t t e r  i n  s t ress -s t ra in  
curves a t  low post curing period, namely 4 and 6 days was evaluated from 
miaxial tension tests and i s  shown i n  Fig. 5 .  It is  interest ing t o  f ind 
that the mean s t ress -s t ra in  curve determined from Fig. 4 fa l ls  within the 
scatter band i n  Fig. 5. 
ing time i n  Fig. 4, it can be said the sca t t e r  might have been greater  if  
the  post curing period was around 30 days. 
our future tests. 
suggests the following. 
Based upon the variation of s t r e s s  with post cur- 
This point w i l l  be ver i f ied i n  
The above study with regard t o  the specimen select ion 
In order t o  obtain consistent experimental data w i t h  respect t o  the 
mechanical behavior of the inert  composite propellant, the specimens m u s t  
be standardized. 
the recipe closely while preparing the  specimens and post curing the speci- 
mens under constant temperature (75OF) and 504 humidity fo r  a specified 
number of days (preferably 5 ttj 6 days). 
specimens, the t e s t ing  m u s t  be done i n  a vacuum. 
The standardization could be achieved by conforming t o  
I n  addition, t o  insure void free 
(b) Mechanical behavior of the tes t  material. 
The effect  of r a t e  of loading on the uniaxial tension behavior is 
studied by subjecting tubular specimens t o  monotonically increasing load 
a t  constant loading rates and observing the extension i n  the  axial direction. 
The results a re  shown in  Fig. 6 .  
values a t  f racture  corresponding t o  various rates of loading. 
In  the same figure are noted the  s t r e s s  
The behavior of the material i n  creep is  studied by subjecting flat 
specimens (Fig. 2) t o  constant values of loads and observing elongation 
i n  the  a x i a l  direction of the  specimens. The creep data is  presented i n  
t ’ .  
7 
the  form of variation of creep compliance function D ( t ) *  with log t 
(where t = time) i n  Fig. 7. As is  seen from the figure the creep conrpliance 
f’unction varies with stress 
l inea r  viscoelastic.  
uo, implying the material i s  s l igh t ly  non- 
However, Fig. 7 shows that the compliance function does not vary with 
s t r e s s  in a consistent fashion. Therefore, f o r  computation purposes a mean 
compliance function i s  obtained. The mean creep compliance curve is  found 
t o  obey the  following relat ion.  
t - -  
z e 
) + - 7D ( t )  = Do + D (1 - e 
where Do = i n i t i a l  compliance, (3.6 x psi-’) 
D = retarded e las t ic i ty ,  (4.5 x psi-’) 
T = retardation time, (1.09 hrs . )  
7 = flm viscosity. 6.67 x 10 5 (psi-hrs.)  
Equation (1) represents a four element Kelvin model (see Fig. 8). 
The behavior of the material under isotropic compression (triaxial 
compression) i s  found t o  be viscoelastic. I n  Fig. 9 i s  plot ted the bulk 
creep compliance function B( t )  obtained from volumetric creep experiments ~ 4 1  
against  l og  t. 
three element model (see Fig. 9).  
It was found t h a t  the creep behavior corresponded t o  a 
The equation f o r  bulk creep compliance 
M e t i o n  then becomes 
t - -  
B ( t ) = B  0 + B ( l - e  ‘ )  
= i n i t i a l  bulk compliance, (21.8 x psi-’) 
BO 
B = bulk retarded e l a s t i c  compliance, (5.28 x psi-’) 
X = retardation time. (2.5 hrs . )  
3;- 
Note: The creep compliance f’unction i s  the  r a t i o  of s t r a i n  E t o  s t r e s s  -
i n  a creep t e s t .  
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(c) Description of apparatus. 
The biaxial apparatus used in  the  present study w a s  developed by the 
author 
feature of the apparatus is that the e f fec t  of rate of loading on fracture  
behavior of so f t  rubberlike materials can be simultaneously studier! f o r  
different  b iax ia l  stress f i e lds .  The complete biaxial apparatus wi th  other 
accessories is  shown i n  Fig. 10. The biaxial apparatus as such consists 
of a lower head which i s  common for a l l  b iax ia l  s t r e s s  f i e l d  t e s t s  and a 
top head which is variable depending upon the biaxial stress f ie ld  under 
consideration (see Fig. 11). The apparatus i s  equipped with two sets of 
heads. 
s t r e s s  fields. 
ponding t o  the first quadrant i n  the pr incipal  stress coordinate system. A 
cqmplete assembly of t h i s  top head and the bottom head with the  specimen i s  
shown i n  Fig. 12. 
tension stress f i e lds  w i t h  the heads can be explained i n  the  following way. 
Nitrogen gas  from tanks fed through port  "A" pressurizes the specimen along 
the  inner w a l l .  
chamber "C". 
an axial load proportioral  t o  the area of the face D. 
developed by the f ive  heads corresponding t o  the  s t r e s s  fields i n  the  first 
quadrant are l i s t e d  i n  Table 1. 
pond t o  biaxial  tension-compression quadrant (second quadrant i n  the  pr inc i -  
pal s t r e s s  coordinate system. ) 
and was b u i l t  a t  the machine shop of the  department. The important 
In each se t  there are five heads corresponding t o  f ive  b iax ia l  
The first s e t  of heads produce biaxial  s t r e s s  f i e l d s  corres- 
The manner of subjecting the specimens t o  b iax ia l tens ion-  
A t  the same time the gas flows through port "B" in to  
The gas pressure acting on face "D" subjects the  spechen t o  
The stress r a t io s  
Similarly the remaining set of heads corres- 
A complete schematic of the biaxial  apparatus w i t h  the  various 
The specimen i n  a par t icu lar  b iax ia l  accessories is shown i n  Fig. 13. 
* :. 
' .  
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f racture  t e s t  is  subjected t o  predetermined pressure h is tor ies  ( l inear  
r a t e )  by a closed loop feed back control system consisting of a data t rak 
function generator, a servac controller, a servovalve, a pressure t rans-  
ducer and a high pressure nitrogen gas supply (see Fig. 13). The system 
is capable of imposing l i nea r  pressure ra tes  up t o  200 psi/sec. 
ings used on the upper head a t  two points have been found t o  of fe r  resis- 
tance t o  motion, thus imposing a load i n  axial direction, the magnitude of 
which was important fo r  the evaluation of ax ia l  load on the specimen. The 
loads due t o  f r i c t ion  were evaluated fo r  the various biaxial  tension- 
tension heads and are  given i n  Table 2. These were estimated for  any 
head by subjecting the  biaxialarrangement (top and bottom head) t o  
pressure by nitrogen gas and noting the value of pressure necessary fo r  
the upper head j u s t  t o  move. 
heads. 
(a) Stra in  measurement. 
The pack- 
The same experiment was conducted on a l l  
The deformation of tubular specimens i n  the  multiaxial experiments 
was evaluated by measuring the axial elongation and the variations i n  in -  
ternal and external diameters of the  specimens during the t e s t .  
measurements were made through c l i p  gages developed and constructed by 
the  co-author. These c l i p  gages a r e  specially suited f o r  the  measure- 
ment of a sof t  rubberlike material (such as the t e s t  material) t h a t  d i s -  
plays large deformation. 
of spring s t e e l  0.01 inch thick and 3/32 inches wide. 
ing of a l l  the three gages used f o r  measurement of axial extension, in-  
t e r n a l  diameter and external diameter is given i n  Fig. 14. Four act ive 
The 
The c l ip  gages used f o r  measurements a re  made 
The detai led draw- 
10 
SR-4 s t r a in  gages (A-7 120 ohms) bonded t o  each gage i n  Fig. 14 form the 
four arms of the Wheatstone bridge. The c l i p  gages which measure the in-  
ternal and external diameters are provided with shoes a t  t h e i r  t i p s ,  con- 
forming t o  the curvature of the specimens on the inside and outside. It 
i s  believed that t h i s  arrangement provides be t t e r  contact of the gage 
with the specimen and a l so  reduces the res t ra in t  of the gage on the speci- 
men. 
placement up t o  0.7 in .  and the c l i p  gage fo r  axial extension which has 
or iginal  gage length of 0.5 in. can measure elongation up t o  0 . 3  in .  The 
c l i p  gages together with gO6~ Honeywell recorder can read elongation 
correctly t o  0.002 in. 
The internal  and external c l i p  gages a r e  capable of measuring d is -  
(e) W e r i m e n t d  program 
The fracture behavior of the  iner t  composite propellant w a s  studied 
for a uniaxial and f ive  biaxial  stress f ie lds .  The stress f i e lds  a r e  
represented in terms of stress ra t ios  equal t o  QI 
1.29, 1.68 and 2.29 
equal t o  0, 0.32, 0.82, 
nominal principal stress i n  tangential  direction \ 
/ 
0 '  
ll 
22 - 
(where a = 7- nominal principal s t r e s s  i n  axial direction 
The behavior under these uniaxial and biaxial f i e lds  were observed at  two 
rates of loading namely, k = 0.01 and 10 psi/sec (where k represents 
nominal s t r e s s  r a t e  i n  the maximuin principal s t r e s s  direction).  Three 
tests were conducted under identical  conditions f o r  each of the s t r e s s  
f i e l d s  mentioned above. This gave an idea of the amount of sca t t e r  i n  
t h e  data. 
11 
f .  Description of biaxial fracture tes t ing .  -L 
Tubular specimens were subjected t o  internal  pressure and ax ia l  load 
that depended on the top head size. The r a t e  of pressure was held constant 
during any t e s t .  The pressure ra te  w a s  pre-determined t o  keep the nominal 
s t r e s s  r a t i o  constant i n  any t e s t .  The t e s t s  were continued up t o  f racture .  
For some b iax ia l  t e s t s  the pressure reached a maximum and then decreased at  
fracture.  However, f o r  some others fracture occurred a t  the  maximum s t ress .  
During any t e s t  m i m u m  pressure, internal  and external diameters and axial 
extensions were noted a t  fracture. 
and tangential  s t resses  were determined. 
From the maximum pressure nominal axial 
Knowledge of extension r a t io s  at  
f racture  allowed one t o  determine the t rue  axial and tangential  s t resses .  
g. Experimental resul ts .  
I --- 
In  Table 3 a re  given t h e  data obtained from f ive  biaxial  and one uni- 
axial stress f ie ld  experiments. 
Fig. 1 5  shows the f a i lu re  data plotted with respect t o  nominal pr inc i -  
pa l  stress coordinate system and i n  Fig. 16 the same i s  plot ted i n  terms of 
t r u e  pr incipal  s t r e s s  coordinate system. A picture  of fractured o r  cracked 
specimens under various s t r e s s  f ie lds  is  shmn i n  Fig. 17 f o r  two  ra tes  of 
loading. 
111- Theoretical Considerations. 
a- Octahedral shear s t ress  cri terion. - 
B i a x i a l  fracture studies[221 made on the same material indicated that 
.z1 
octahedral shear s t r e s s  cr i ter ion checKed well with experimental resu l t s .  
Therefore it was thought proper t o  v e r i 0  the  above c r i t e r i a  f o r  the 
present f racture  t e s t s .  The octahedral shear stress c r i t e r ion  s t a t e s  that  
12 
when the octahedral shear s t ress  under multiaxial stress f i e l d  reaches the 
value of octahedral shear s t ress  i n  uniaxial tension fracture  occurs. 
i s  
That 
2 2 
f 
- c7 )* + (aj3 - all) = 2 (T (O11 - O * J 2  + ( O 2 2  33 
u = f racture  s t r e s s  i n  uniaxial tension. f 
In  Fig. 18 i s  shown the variation of nominal octahedral shear stress a t  
fractur? w i t h  b iax ia l  stress r a t io  a. The nominal octahedral shear 
s t r e s s  has been calculated by assuming ' = 0 or  u' = - p f o r  the 
O33 33 
two prescribed ra tes  of loading. 
radial stress actual ly  has the effect  of increasing the octahedral shear 
It can be seen tha t  the influence of 
stress and thus bring i ts  value nearer t o  the value of octahedral shear 
stress i n  tension. It can be seen from the same figure t h a t  T' oct 
reaches a l imit ing value at  large values of a. 
(b) Octahedral shear s t ra in .  
When the deformation of the material i s  large, the f a i lu re  can be 
represented i n  terns  of a c r i t i c a l  function of s t ra in .  
f'unction can be octahedral shear strain[15] which is  given by the follow- 
ing equation. 
This c r i t i c a l  
, etc. equation (4)  can be rewritten as 2 Noting E = 11 
13 
Figure 19 shows the variation of octahedral shear strain a t  f racture  f o r  
various biaxial s t r e s s  f ie lds .  
(c)  Rivlin and Thomas f a i lu re  cri terion. 
Rivlin and Thomas '11' have suggested a c r i t e r ion  of tear ing for  
-- 
rubberlike materials, which i s  an extension of the Gr i f f i th  f racture  
hypothesis for  b r i t t l e  materials. According t o  t h i s  c r i te r ion  catastrophic 
tear ing occurs i n  a rubbery na te r ia l  when the c r i t i c a l  tear ing energy, 
is related t o  the e l a s t i c  strain energy as follows. 
T 
where t = thickness.of specimen 
W = e l a s t i c  energy 
C = length of a crack 
the  change i n  e las t ic  s t r a i n  energy w i t h  the change i n  (%)j= 
t h e  length of the crack corresponding t o  constant overall  length i n  tension 
tes t .  
For a material undergoing large deformtion, the chanefe i n  e l a s t i c  
strain energy dJe t o  a smll crack can be shown t o  be I 
2 N = k ' C  t w o  ( 7 )  
where Wo = e l a s t i c  s t r a i n  energy stored i n  the  material due t o  
deformtion before the formation of crack. 
k '  = a factor  t h a t  depends on extension r a t io .  
From equation (7)  
b 
0 
(%) = 2 k ' C t W  
-,e 
14 
Wo can be determined from uniaxial tension experiment. By f i n i t e  deforma- 
C253 it t i o n  theory 
uniaxial tension. 
u ' -   
11 
where (I ' - 
11 
- 
- 
11, I = 2 
The r a t i o  a '/2 11 
can be shown the following re la t ion  is  found to hold i n  
nominal s t ress  i n  the  direction of tension load  
axial extension r a t i o  
s t r a i n  invariants 
( 9 )  
[Ai- f i t )  
i s  shown plotted i n  Fig. 20 against 
I - , f o r  the two ra tes  of loading. A s  i s  seen from the  figures, the ex- 
"1 
perimental data can be f i t t e d  t o  horizontal straight l ines ,  t o  give the 
following values 
where G i s  a constant that depends upon rate of loading. 
The values of the constant for the two rates  of loading determined from 
Fig. 20 are the following. 
gate of Loading 
k (psi/sec) 
0.01 
10.00 
95 
115  
Figure 21 ver i f ies  the values i n  the  above table,  where 
evaluated based upon diameter measurements. 
X2 has been 
Equation ($0) indicates that the s t r a i n  energy function f o r  the material  
can be represented by 
Wo = G(I1 - 3 )  
Substi tution of Wo from equation (11) i n  equation (8) gives 
Using equation (12) the expression for  c r i t i c a l  tear ing energy (equation 
(4) ) becomes 
T = 2 k' C G(I1 - 3 )  
In order t o  evaluate T from equation (ll), the value of k' must be 
evaluated experhental ly  $11 I . 
In the absence of the  value of IC', an estimate of c r i t i c a l  tear ing 
energy per uni t  length of crack i s  obtained as follows. 
Previously the importance o f  the e n e r a  stored i n  the material i n  the 
evaluation of a c r i t i c a l  tearing energy c r i t e r i a  fo r  the  material has been 
indicated. 
of f a i lu re  based upon the t o t a l  s t r a i n  energy a t  fracture.  
been calculated from creep behavior of the material i n  uniaxial tension 
and volumetric compression. 
ed as l inea r  viscoelastic.  
In the  following, attempts a re  being made t o  develop a c r i t e r ion  
This energy has 
The behavior of the  material has been assum- 
I 
- .  16 
(a) T o t a l  s t r a i n  energy at  fracture under biaxial s t r e s s  f ie lds .  
The three dimensional s t ress-s t ra in  re lat ions f o r  a l i nea r  visco- 
-
e l a s t i c  material[''61 can be shown t o  be 
D(t) B t )  \, 
E 11 = - 91 - ( 2  - +,.! ('522 + 03311 
where D ( t )  = creep compliance function i n  uniaxial  tension 
B ( t )  = creep compliance fbnction i n  volumetric compression 
E E = principal strains 11' 22' 33 E 
= principal stresses 11' u22' O33 U 
Using equations (15) and the Boltzmann superposition principle, it i s  
possible t o  predict  s t ra ins  f o r  any given s t r e s s  history.  They a re  
l 4  
d t '  - d t  
0 0 
L L 
(16) 
where t = present time, t '  = past time. 
. 
* .  
For b iax ia l  loading corresponding t o  
22 
11 
i3 
0: 
s t r e s s  r a t i o  - = CI 
s t r e s s  ra te  u = k t '  11 
equation (16) becomes 
t t 
€ =  11 [ (1 - F) k [ D ( t - t ' ) d t '  + % r B( t - t ' ) d t '  
0 0 
t - t  
E = [ (2a ') IC [ D(t- t ' )d t '  3. 2 f B ( t - t ' ) d t ' ]  
22 L 
17 
0 0 
L 
0 
Using equations (17) the t o t a l  e n e r a  a t  f racture  becomes 
Table 4 l i s t s  the total energy a t  fracture f o r  various b iax ia l  s t r e s s  
fields, evaluated from experimental resul ts ,  from equation (14) and from 
equation (18). Figure 22 shows the variation of total s t r a i n  e n e r a  with 
biaxial stress ratio. The s t ra in  energies a r e  calculated based upon 
equation (I!+), equation (18) and experimental resul ts .  
IY. Discussion of resul ts .  
The p lo t  of experinental data i n  noninal pr incipal  s t r e s s  space and the 
true s t r e s s  space indicates t ha t  fa i lure  curves drawn through the man points 
cut t he  ve r t i ca l  axis a t  a s t r e s s  value less than  the fracture  s t r e s s  i n  mi- 
axial tension. If the imter ia l  i s  isotropic, f racture  s t r e s s  f o r  pure c i r -  
O 2 2  cmfe ren t i a l  tension (corresponding t o  7=mtha t  i s  ve r t i ca l  ax is )  nust  
" 11 
be the sane as the fracture s t ress  for pure ax ia l  tension (corresponding t o  
0 
- -  22 - 0 that i s  horizontal ax is ) .  A s  t h i s  is  not found t rue,  it i s  quite - 
"ll 
l i ke ly  t h a t  anisotropy m y  be introduced duc t o  p u l l  away of the f i l l e r  from 
binder, when the s t ress  ra t ios  take on values e i ther  near zero or inf ini ty .  
In other words, when the s t r e s s  ra t ios  correspond t o  zero o r  inf ini ty ,  ex- 
tension ra t ios  at fracture are  rnuch higher than when the s t r e s s  r a t io s  have 
a value sor;iewhere i n  between. Due t o  larger  s t r a i n  it i s  quite possible tha t  
the p u l l  away of the binder.fron f i l l e r  takes place f o r  these s t r e s s  states. 
In  Fig. 18, for  the octahedral shear s t ress  c r i te r ion  t o  hold, the cx- 
p e r h e n t a l  points should be on a s t ra ight  l i n e  with the intercept equal t o  
octahedral shear s t ress  i n  uniaxial tension for a par t icu lar  r a t e  of loading. 
However, t h i s  has been found approxiclatcly t rue  a t  low ra te  of loadins, 0.01 
psi/sec and not sat isfactory for high ra te  of loading 10 psi/sec. It i s  in- 
t e r e s t ing  t o  note t h a t  the assumption of a stress of .nagnitude p i n  the rad ia l  
direct ion actual ly  helps t o  bring the  curve nearer t o  the horizontal l i n e  repre- 
senting octahedral shear s t ress  cr i ter ion.  
Figure 19 shows the variation of octahedral shear s t r a in  with stress 
ratio 0. Octahedral shear s t ra in  c r i te r ion  appears t o  be good a t  lar s t r e s s  
ratios and high ra te  of loading, 10 psi/sec. For other cases it does not 
seem t o  be applicable. 
Equation (13) indicates that character is t ic  tear ing energy fo r  t h e  
material depends on the  energy stored i n  the  m t e r i a l .  
theoret ical  method of evaluating the t o t a l  s t r a i n  energy a t  f racture  i s  
worth consideration. Figure 22 shows that beyond a s t r e s s  r a t i o  a = 0.375 
the prediction based upon l inear  viscoelastic theory is  very good f o r  r a t e  of 
loading 10 psi/sec. 
theory deviates considerably. 
prediction based upon the f i n i t e  deformtion theory i s  good. 
t h e  above behavior nay be explained as follows. A t  s t ress  r a t io s  below 
a = 0.375 the s t ra ins  a r e  larger i n  t he  ax ia l  direction. Therefore, f i n i t e  
deformtion theory describes the behavior. When the s t ress  r a t i o  i s  larger  
Therefore, any 
~ 
But the prediction based upon the f i n i t e  deformtion 
For the s t r e s s  r a t i o  below 0 = 0.375, the 
The reason fo r  
than a = 0.375, strains are  s m l l a n d  l inear  viscoelastic theory compares 
be t t e r  with experimental resul ts .  The predictions based upon f i n i t e  e l a s t i c  
theory and l inear  viscoelastic theory are equally good a t  l o w  rates  of load- 
ing 0.01 psi/sec. 
V. Conslusions. 
(1) 
f a c i l i t y  t o  study f a i lu re  behavior of sol id  fue l  propellants under various 
b i ax ia l  stress f ie lds  and at  various ra tes  of loading. 
(2) 
there  ex is t s  induced anisotropy i n  the  material a t  f racture  perhaps due t o  de- 
wetting occurring i n  cer ta in  biaxial s t r e s s  s ta tes .  
( 3 )  
ed from creep behavior i n  tens i le  and voluietr ic  (bulk) deformation agrees well 
with experhental ly  determined energy a t  f racture  f o r  most biaxial  stress f ie lds .  
However, fo r  lar biaxial s t ress  ratios predictions based on the f i n i t e  deforma- 
t i o n  theory agrees be t te r .  
The biaxial  apparatus described i n  t h i s  report provides an  excellent 
Failure curves i n  the principal s t r e s s  space (see Figs. 15 and 16) indicate 
Maximum s t r a i n  energy a t  fracture fo r  various b iax ia l  s t r e s s  f i e lds  evaluat- 
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Table 1. Biaxial Stress Ratios f o r  Various Cylindrical Heads 
of the B i a x i a l  Testing IZichinc 
I 
No. ! Diaiiieter of Cylinder Biaxial Stress ; 1. 
! I Head D,(in) Ratio a , 
1 1  1 - 5  2.289 I 
I 
I 
i 2  19-75 8 1.682 '! 
- 
' 3  2.00 1.288 
1 
I 
I 1 I 4 ,  2.50 0.824 i 
1 
1 5 1  4.00 0.322 I 
I 
Table 2. Fr ic t ion Force i n  Cylindrical Head Asseclbly 
of the Biaxial Testing Machine 
! 
: Diane'tor of Fr ic t ion Force I 
' Cylinder Head 
: Dc ( i n )  
i 
1- 5 5.01 
1-75  4.23 
I - t 
2 3.54 i - I 
2.5 2.7 
\ 4.00 3-09 
I 
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Table 4. Total Strain Energy at Fracture For 
The Iner t  Composite - Propellant 
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Total Strain mer= at Fracture Wf(psi) 
Experbental €y Fini te  By Linear Visco- 
Rate of Loading B i a x i a l  Stress ->-- 
k (psi/sec) Ratio a 
Deformtion Theory e las t ic  Theory 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10 .o 
10.0 
0.000 
0.000 
0.000 
0.000 
0.824 
0.824 
0.824 
0.824 
1.29 
2-23 
2.29 
0.000 
0.000 
0.824 
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0.824 
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1.29 
1.29 
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FIG. 7 VARIATION OF TENSION CREEP 
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